The statistical properties of plasma fluctuations have been investigated in the plasma boundary region of fusion ͑tokamaks and stellarators͒ and nonfusion plasmas. Fluctuations in ion saturation current and floating potential have a near-Gaussian character in the proximity of the velocity shear layer (r sh ). However, fluctuations deviate from a Gaussian distribution when moving inside of the plasma edge (rϽr sh ) or into the scrape-off layer region (rϾr sh ). Furthermore, fluctuations show sporadic pulses that are asymmetric in time. The present analysis shows a coupling of those pulses and the averaged flow in the shear layer region.
I. INTRODUCTION
In order to improve our understanding of the nature of anomalous transport in magnetically confined fusion plasmas, comparative studies of the structure of plasma turbulence in different fusion devices have been carried out in the last several years. 1 The comparison of the structure of fluctuations supports the view that plasma turbulence displays universality. 2 The statistical properties of both the time-resolved particle flux and fluctuations have been investigated in the plasma boundary region of tokamak and stellarator devices. It has been observed that the distribution function of the local particle flux has significant non-Gaussian features [3] [4] [5] [6] and there is a striking similarity between the statistical properties of the turbulent flux in different devices. 3, 5 In particular, a significant fraction of the total flux can be attributed to the presence of large and sporadic bursts. [3] [4] [5] These bursts are less apparent but are also present in the fluctuation measurements.
Bursts in fluctuations might be an indication of transport close to instability thresholds; 7, 8 however, other mechanisms could also explain the appearance of bursty turbulence. In particular, transient coherent vortical structures have been reported to have influence on the turbulent flux, giving rise to bursts in the particle flux. 9 The competition between driving and suppression mechanisms of plasma turbulence can also give rise to bursting fluctuations. 10, 11 Recent results emphasize the importance of comparative studies between fusion and nonfusion devices to clarify the role of critical gradients on plasma turbulence. 12 From previous analysis, we have seen that fluctuations are coupled to the edge shear flow. This coupling has been found by measuring the Reynolds stress tensor in the plasma edge region in different devices. [13] [14] [15] Here we look at the coupling from another perspective, how the edge shear flow modifies or generates fluctuation pulses. To do so, we focus on the characterization of the pulse wave form and how it changes as we look around the shear layer position. A systematic investigation of the statistical properties of fluctuations in the plasma boundary region of stellarators, Advanced Toroidal Facility ͑ATF͒ 16 and Wendelstein 7-Advanced Stellarator ͑W7-AS͒, 17 and tokamak, Joint European Torus ͑JET͒, 18 is presented. We also compare these results to those obtained by analyzing the plasma fluctuations in a nonfusion device ͑Thorello͒. 19 The paper is organized as follows. The statistical tools used in the analysis of experimental signals are presented in Sec. II. The experimental investigation of the statistical properties of fluctuations in fusion and nonfusion plasmas is described in Sec. III. A discussion of the experimental results is presented in Sec. IV. In Sec. V results from a numerical simulation of competition between instability drive and decorrelation effects are presented. Conclusions are given in Sec. VI.
II. ANALYSIS TOOLS FOR THE STATISTICAL CHARACTERIZATION OF WAVE FORMS
In the past, we have studied the statistical properties of the turbulent particle flux as measured by Langmuir probes. Those studies have shown that the probability density function ͑PDF͒ of the particle fluxes is clearly non-Gaussian. However, we have also identified departures from Gaussianity in the fluctuation measurements. 3, 5 This was particularly evident in the ion saturation current fluctuations around the edge shear flow layer. This departure from Gaussianity is associated with the appearance of pulses that have an asymmetric wave form. 3 A characterization of the statistical properties of the PDF was done through the determination of the skewness and the kurtosis. In order to characterize the fluctuation pulses' wave forms, we focus here on the skewness and the asymmetry.
Given N samples ͓x(i),iϭ1,...,N͔ of a time series x(t), the skewness, third-order moment of the probability density function, may be estimated as
where
are the standard deviation and the mean value estimates, respectively.
The skewness ͑S͒ gives a measure of the degree of symmetry of the PDF with respect to its mean value. For a symmetric distribution, S equals zero. A positive value of the S parameter corresponds to an asymmetric PDF with a longer tail for x(t)Ͼ(x) than for x(t)Ͻ(x). We have the opposite situation for SϽ0.
In order to quantify the degree of time asymmetry of turbulent events, we can estimate the skewness of the time derivative of the signal ͑A͒ as
where x t ϭdx/dt is the time derivative of the signal, x t (i) ϭ͓x(iϩ1)Ϫx(i)͔/⌬t,⌬t being the sampling period. This parameter measures the degree of time asymmetry in the fluctuating signal. A value of Aϭ0 corresponds to a signal whose time derivative has a symmetric PDF. Positive values of A indicate that the signal has, on average, fluctuations with a rise time shorter than its decay time. When A Ͻ0, the signal shows decay times shorter than the corresponding rise times. For instance, let us consider a periodic signal made up from equal size sawtooth wave forms. For this wave form, t 1 is the rising time and t 2 the decay time. An analytical estimate of the skewness gives Sϭ0 and the asymmetry Aϭ(t 2 Ϫt 1 )/ͱt 1 t 2 . This clearly shows that the parameter A measures the asymmetry of the wave form. We have used this parameter to quantify the time asymmetry of fluctuation turbulent bursts.
The estimation of high order moments of a PDF from a limited number of samples requires an estimation of the statistical errors associated with the calculation. The method used in this work to quantify statistical errors in moment estimates is described in the Appendix.
III. STATISTICAL PROPERTIES OF FLUCTUATIONS IN DIFFERENT CONFINEMENT DEVICES
Plasma edge turbulence has been characterized by measuring the fluctuations in the ion saturation current and floating potential signals, using Langmuir probes. 20 The experiments that we consider in this work have been carried out in the plasma boundary region of tokamak ͑JET͒, 18 stellarators ͑ATF 16 and W7-AS͒, 17 and low temperature plasmas ͑Thorello͒. 19 In what follows, we summarize the main results of the analysis for these experiments.
A. Experiments in the ATF torsatron
The ATF stellarator is a four field period (M ϭ4, 1 ϭ2) torsatron with a major radius Rϭ2.1 m and averaged minor radius aϭ0.27 m. The fluctuation measurement experiments were performed in electron cyclotron resonant heated ͑ECRH͒ plasmas, with heating power P ECRH Ϸ200 kW and magnetic field Bϭ1 T. Fluctuations have been characterized using the experimental setup previously described. 21 Measurements were done in the proximity of the naturally occurring velocity shear layer. 22 Signals were digitized at a sampling rate of 1 MHz, using a 10 bit. 16 kbytes/ channel digitizer. In a series of similar reproducible plasma discharges, measurements were taken at different radial positions. The probe was fixed at a radial position during the discharge and its position was changed from shot to shot. Figure 1͑a͒ shows the plasma edge electron density profile, as deduced from ion saturation current measurements. The poloidal phase velocity of fluctuations (V ) is shown in Fig. 1͑b͒ . This velocity is deduced from the measurements of two floating probes poloidally separated by 2 mm. Around the position Zϭ39 cm, the phase velocity of fluctuations changes sign from propagation in the ion drift direction in the scrape-off layer ͑SOL͒ to propagation in the electron drift direction at the plasma edge ͑velocity shear location͒. Each point shown in Figs. 1 and 2 has been calculated using 1.6 ϫ10 4 samples. The skewness of the ion saturation current, floating potential, and their corresponding time derivatives ͑asymmetry͒ has been computed using the definitions given in Eqs. ͑1͒ and ͑2͒. The skewness ͓Eq. ͑1͔͒ of the ion saturation current and floating potential signals are shown in Figs. 2͑a͒ and 2͑c͒. It can be seen that the PDF of both saturation current and floating potential deviates from a Gaussian distribution (SϾ0) in the SOL region of the plasma.
In Figs. 2͑b͒ and 2͑d͒ we show the degree of time asymmetry in turbulent bursts ͓a parameter given by Eq. ͑2͔͒ for ion saturation current and floating potential signals. Ion saturation current has a positive asymmetry in the scrape-off layer side of the velocity shear location, corresponding to fluctuation pulses with a rise time shorter than their decay time (AϾ0). In the SOL region, the floating potential sig- 
B. Experiments in JET tokamak
In the JET tokamak (Rϭ2.85 m, aϭ0.95 m), measurements were taken by a multiple Langmuir probe, 23 in the limiter phase of ohmic heated discharges (Bϭ2.4 T, I p Ϸ2 MA͒.
In these measurements, a fast reciprocating Langmuir probe was inserted into the plasma boundary region making it possible to measure edge profiles of saturation current and floating potential in a single shot. Signals were sampled at a rate of 0.5 MHz.
Radial profiles of the ion saturation current and the poloidal phase velocity of fluctuations (V ) are shown in Fig.  3 , in which (r sep ) corresponds to the location of the last closed flux surface computed by magnetic codes. Figure 4 shows the results obtained for the skewness ͑S parameter͒ and the degree of time asymmetry ͑A parameter͒ for both ion saturation current and floating potential signals. The saturation current has a nonsymmetric PDF (SϾ0) in the SOL, and the S parameter increases as the probe moves outward. The floating potential signal also has a nonsymmetric PDF in the region Ϫ2 cmϽrϪr sep Ͻ3 cm. Both signals, current and potential, have rather symmetric PDFs (Sϭ0) around the position of the shear layer (rϪr sep ϷϪ2 cm).
The asymmetry ͑A͒ of the saturation current has positive values in the SOL region of the plasma (Ϫ2 cmϽrϪr sep Ͻ3 cm), implying fluctuation pulses with a rise time shorter than its decay time. The floating potential signal has negative values of the A parameter in the same region. The values of the A parameter, for both saturation current and floating potential, are close to zero in the proximity of the velocity shear location (rϪr sep ϭϪ2 cm).
As the probe moves radially, the signal is not strictly stationary but both the mean and the rms values are changing in time. This nonstationarity can lead to misestimating the moments. 24 In the present experiments we have used 2500 samples ͑5 ms͒ to compute the S and A parameters. In this time interval the signal can be considered quasistationary. The analysis was repeated with different sample ͑time window͒ sizes and the results were very similar, thus proving the validity of the quasistationarity assumption.
The radial dependence of S and A have been studied in several similar plasma discharges and very similar results were obtained. 
C. Experiments in W7-AS stellarator
In the stellarator W7-AS (M ϭ5, 1ϭ2, Rϭ2 m, a ϭ0.2 m͒, experiments were performed under electron cyclotron resonant heating ͑ECRH͒, with heating power P ECRH Ϸ200 kW and magnetic field Bϭ1.25 T. As in the case of JET experiments, a fast reciprocating Langmuir probe was inserted into the plasma boundary region making it possible to measure edge profiles in a single shot. Measurements were digitized at a sampling rate of 2 MHz. In the present experiment we have used 8000 samples ͑4 ms͒ to compute the S and A parameters. In this time interval the signal can be considered quasistationary. The results are quite similar when the analysis is repeated with different sample sizes below 8000 samples. Figure 5 shows the ion saturation current and the poloidal phase velocity of fluctuations (V ) deduced from two measurements of floating potential signals poloidally separated by 2 mm. In Fig. 5 (r sh ) corresponds to the position of the velocity shear, where the phase velocity of fluctuations changes sign and has a larger gradient.
The radial profiles of S and A parameters at the plasma boundary of the W7-AS stellarator are shown in Fig. 6 . The ion saturation current is a nonsymmetric signal at all the radial positions studied, having positive fluctuation pulses (SϾ0). The radial variation of the skewness of the saturation current and floating potential signals show certain radial structure, the deviation from a Gaussian distribution being maximum around rϪr sh Ϸ0.2 cm and rϪr sh Ϸ2.5 cm ͓see Figs. 6͑a͒ and 6͑c͔͒. Near rϪr sh Ϸ1 cm, where the velocity curvature peaks, the deviation of saturation current and floating potential PDFs from a Gaussian distribution has a local minimum.
With respect to the degree of time asymmetry, Fig. 6͑b͒ shows that saturation current has fluctuation pulses with short rise time and a longer decay time, as it corresponds to AϾ0. The radial structure observed in the skewness is reproduced in the asymmetry ͑A͒. The time asymmetry of the fluctuation pulses in the saturation current decreases at the outer region of the SOL(rϪr sh Ͼ3 cm). Figure 6͑d͒ shows that the floating potential has fluctuation pulses with fast decay and slow rise (AϽ0) at the SOL region (rϪr sh Ͼ0).
D. Experiments in Thorello low temperature plasmas
The statistical properties of fluctuations have been studied in the Thorello device (Rϭ0.4 m, rϭ0.08 m, B Ϸ0.25 T͒ using Langmuir probes. Typical edge plasma pa- rameters in this device are: plasma density Ϸ10 11 cm Ϫ3 and electron temperatures in the range of 1-5 eV. Previous measurements of plasma fluctuations in the Thorello device have shown fluctuations levels in density and potential up to 40%. 25 Metallic plates are inserted in the plasma to control the plasma size, thus acting as limiters; a velocity shear layer is formed in the proximity of the metallic plate location. Measurements were done at different radial positions along the minor radius of Thorello plasma, radially moving the probe during the steady-state discharge. The signals were digitized at a sampling rate of 1 MHz using a 32 kbytes/ channel digitizer.
As in fusion plasmas, the floating potential and the radial electric field change sign in the proximity of the limiter radius. As a consequence, the poloidal velocity reverses from propagation in the ion drift direction at the outer region to propagation in the electron drift direction in the plasma bulk side of the shear location. Figure 7 shows the floating potential and the EϫB velocity (V EϫB ) deduced from plasma potential measurements, plotted versus the radial position ͑r͒. The radial gradient in V EϫB is about 10 5 s Ϫ1 in the shear location.
The radial profiles of the skewness of the ion saturation current and floating potential ͑S parameter͒ and its time derivatives ͑A parameter͒ are shown in Fig. 8 . For ion saturation current, the S parameter is very close to zero in the proximity of the shear location and increases both in the outer region of the plasma (rϾ5 cm) and in the plasma inner region (rϽ4 cm). At rϷ4.5 cm saturation current fluctuations have a near-Gaussian character with a symmetric PDF. In the case of floating potential, fluctuations have a nearsymmetric PDF at rϷ5 cm, and an asymmetric PDF (S Ͻ0) both in the outer region (rϾ5 cm) and inside the shear layer (rϽ4 cm).
The A parameter is positive for the ion saturation current signal at both sides of rϷ4.5 cm. In the case of floating potential, fluctuation pulses have a negative asymmetry at both sides of rϷ5 cm.
IV. DISCUSSION OF THE EXPERIMENTAL RESULTS
Two different features have been observed in the fluctuations. On the one hand, it has been shown that fluctuations have a non-Gaussian character, mainly in the scrape-off layer region of the plasma.
For positive defined signals ͑e.g., plasma density͒ a nonGaussian PDF is expected when the standard deviation is similar to the mean value, as is the case in the SOL region where the normalized fluctuation levels are high ͑Ϸ30-40%͒. In particular, the ion saturation current is a positive defined function for which a Poisson-like distribution is more likely than a Gaussian one at this region. In the case of the potential signal, the signal provided by the Langmuir probes is f ϭ p Ϫ␣T e , where p is the plasma potential, T e is the electron temperature, and ␣Ϸ3 for hydrogen plasmas. As T e is positive defined, it would be expected to have a Poisson-like distribution, thus influencing the statistical properties of f . Taking into account these considerations, a monotonous change of the non-Gaussian character as the normalized fluctuation level increases ͑moving outward͒ would be expected. 26 However, singular changes in the values of the S parameter of both saturation current and floating potential around the position of zero velocity ͑ATF, W7-AS͒ or a minimum in the S parameter around this position ͑JET, Thorello͒ have been observed, which suggests that this is not the key mechanism to explain the lack of Gaussianity observed in edge fluctuations.
A deviation in the PDF of fluctuations from a Gaussian distribution can be expected in the presence of coherent structures. This kind of deviation has been observed in numerical simulations of plasma turbulence. 9, 27 A second feature observed in fluctuations is the time asymmetry of turbulent bursts. This property is not dependent on the lack of Gaussianity in the signals, but it carries dynamical information. Different mechanisms should be considered to explain this feature of plasma turbulence in the plasma boundary region in fusion and nonfusion plasmas.
First, the time asymmetry could be a consequence of the propagation, either radial or poloidal, of spatially asymmetric turbulent structures. This picture is consistent with the fact that, in some cases ͑ATF, JET, Thorello͒, there is an actual poloidal propagation with A being minimum in the proximity of the zero poloidal velocity point.
The fact that the time asymmetry of fluctuation spikes changes around the velocity shear layer suggests that some mechanisms related to the shear layer is involved in the modification of the fluctuation properties in the plasma boundary region. The interplay between the shear flow and the fluctuations has been observed by studying the electrostatic Reynolds stress in the plasma boundary region in different devices. [13] [14] [15] The time asymmetry of the bursts suggests the presence of competition processes, typical from Volterra systems, already observed in several simulations of edge turbulence. 28 The shear layer could have an influence on radially propagating structures generated inside this region. Self- organized criticality models have recently been proposed to explain the nature of transport in fusion devices. 7, 8 Within this paradigm, the presence of radially propagating transport avalanches would lead to non-Gaussian features in fluctuations in the plasma boundary region, and, perhaps, to time asymmetry of fluctuations events. The shear layer would decorrelate avalanches, leading to fluctuations with a nearGaussian character and reducing the time asymmetry of fluctuation events.
The shear layer could play a more active role in generating fluctuation pulses with time symmetry. In the present experiments the radial gradient in the poloidal phase velocity of fluctuations is about dv phase /drϷ10 5 s Ϫ1 , which can be interpreted in terms of an EϫB shearing rate. The correlation time of fluctuations at the shear location (v phase Ϸ0) is in the range c Ϸ10 Ϫ6 Ϫ10 Ϫ5 s. This means that the EϫB shearing rate at the velocity shear layer is comparable to 1/, suggesting that the competition between driving mechanisms of fluctuations and EϫB decorrelation effects could be responsible for the observed structure of the turbulence in the proximity of the velocity shear location.
Finally, the characteristics of fluctuations could also be affected by the change in magnetic topology in the outer region of the plasma. Close to the shear layer location in fusion plasmas, the magnetic topology changes significantly from open field lines in the SOL to closed field lines at the plasma edge. This change in magnetic topology could have some influence on the structure of the turbulence. However, the similarity between the results observed in devices with very different magnetic topology in the outer region of the plasma ͑tokamaks, stellarator, and Thorello device͒ suggests that the transition from closed to open field lines is not the key element to interpret the changes seen in the structure of the turbulence.
V. COMPETITION BETWEEN INSTABILITY DRIVE AND EÃB SHEAR DECORRELATION: A NUMERICAL SIMULATION
To check how the competition between fluctuation driving mechanisms and EϫB decorrelation may affect the structure of the turbulence, we have studied a numerical simulation using a model of transition to enhanced confinement regimes that is based on this mechanism. The details of the model are described in Ref. 10 .
The model describes the time evolution of the envelope density fluctuation level ͑⑀͒, which is involved in the definition of anomalous transport. The dynamics of ⑀ comes from the competition between turbulence driving and suppression mechanism, characterized, respectively, by a linear growth rate, ␥ ͑a function of the pressure gradient͒, and the EϫB shearing rate, EϫB ͑dependent on the EϫB velocity flow shear͒. 29 Since the EϫB shear involves the radial derivative of the radial electric field, which in turn is proportional to the pressure gradient, the shearing rate has a dependency both on the first and on the second radial derivatives of the pressure profile. The interaction between the gradient and the curvature ͑the second radial derivative͒ of the pressure profile in the evolution of the fluctuation level is the cause of propagating bursts.
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The numerical simulations show that when the shearing rate ( EϫB ) is close to the growth rate of the fluctuation ͑␥͒, a transport barrier is formed. Fluctuations have a bursty behavior when the plasma is close to the critical condition for the transition ( EϫB Ϸ␥), but still in the low confinement mode, EϫB Ͻ␥. Particularly, a threshold for the onset of this behavior is found at EϫB /␥Ϸ0.3.
In these simulations, the fluctuation bursts correspond to radially propagating fluctuation pulses. The local time traces of fluctuations show a radius-dependent time asymmetry. In the present simulation, the local maximum of the ratio EϫB /␥ develops near r/aϷ0.25, a being the plasma radius. Figure 9 shows the time evolution of the local fluctuation level, ⑀, at r/aϭ0.225 ͑a͒ and r/aϭ0.37 ͑b͒ in the bursty phase, that is, without the presence of transport barrier. The PDFs of the time traces are asymmetric with respect to its mean value. Note that the pulses have a clear time asymmetry at r/aϭ0.37 ͑outside the position of maximum shearing rate͒, while they are more symmetric for r/aϭ0.225. A quantitative description of these results is given in Fig. 10 , which shows the radial dependence of the time asymmetry as defined in Eq. ͑2͒. In Fig. 10 it can be seen that the A parameter is minimum at r/aϭ0.225, increasing as one moves away from the radial position of maximum EϫB /␥ ratio.
VI. CONCLUSIONS
A clear deviation from Gaussianity has been observed in the fluctuations ͑ion saturation current and floating potential͒ in the scrape-off layer region of fusion and nonfusion plasmas. In particular, the PDF of the ion saturation current is asymmetric, with a long tail for values larger than the mean value in the outer region of the plasma (SϾ0). The floating potential measured by the probes shows a more slight devia- 
APPENDIX: ERRORS IN PDF MOMENTS ESTIMATES
When computing high order moments of a PDF from a limited number of samples the statistical errors associated with the estimation are critical. High amplitude samples, even infrequent in the signal, have an important contribution to the moment because they contribute with a power of its amplitude. In what follows a method to estimate the statistical error associated with the moment estimation is presented.
From N samples of a random variable x͓x(i), i ϭ1,...,N͔ we can estimate the moments of the probability density function ͑PDF͒ by dividing the amplitude range in a number of intervals ͑K͒ and computing
where M n is the nth order moment, x i is the interval class mark, ⌬x is the interval width; P (x) is the average value of the PDF in the interval centered at x, which we estimate as P (x)ϭN x /N⌬x, N x being the number of samples with a value within the range ͑xϪ⌬x/2, xϩ⌬x/2͒; is the mean value estimate ϭ(1/N)͚ iϭ1 N x(i), and nϾ1. There are two error sources in the estimation of the moments of the distribution using Eq. ͑A1͒. First, there is an error coming from the estimation of the PDF at each interval, ⑀( P (x)); a second error comes from the assignation of a value x i ͑class mark͒ to all the samples within the ith interval, ⑀(x i n ). These two errors contribute to the total error in the moment estimate.
The error in the PDF estimation is a consequence of the count of samples at each interval, N x . This count of samples can be considered similar to a Poisson process, so ⑀( P (x)) can be estimated as ͱN x /N. In order to ensure that the relative count error, ͱN x /N x , is small enough for all the intervals, the amplitude range can be divided in intervals such that the number of counts at any interval is larger than a minimum value ͑typically 10͒. Thus, different intervals can have different widths; the wider intervals will be those for which the PDF has smaller values.
If we use the interval class mark:
where x j are samples in the ith interval, we recover the standard moment estimation:
We can get an upper bound to the error ⑀(x i n ) as ⑀͑x i n ͒ϭMax͉͑x Mi n Ϫx i n ͉,͉x i n Ϫx mi n ͉͒, ͑A4͒
x Mi and x mi being the upper and lower limits of the ith interval, respectively. Finally, the sum of partial errors coming from all the intervals is expected to be reduced by a factor of ͱK,K being the number of intervals, due to cancellations of errors of different signs. The total error for an order n moment estimate (nϾ1) is
͑A5͒
where ⑀(x i n ) is obtained from Eq. ͑A4͒. To check the validity of this procedure we have used several computer generated pseudorandom series. Tests have been done with Gaussian distributions, some combinations of several Gaussians giving asymmetric PDFs, and distributions with an algebraic decay P(x)ϭ1/x ␣ , with 1Ͻ␣Ͻ4. The estimated moment was within the error bar estimated by this procedure in about 60% of the cases. 
